Figure 2. Endocannabinoid Signaling that Mediates I-LTD Is Highly
Localized along the Dendritic Tree (A) Picture showing the arrangement of the recording and stimulating pipettes used to address the degree of localization of I-LTD. Two stimulating pipettes (S1 and S2) were positioned along the apical dendrite of the recorded cell ‫02ف(‬ m from the apical dendrite axis); IPSCs were evoked through S1 while S2 was only used to deliver tetanic stimulation (TBS) and positioned at a variable distance (d) from S1. duced a robust and persistent depression of IPSCs. On average, in those experiments that showed DSI itory-close to the dendritic tree, we sought to determine whether signals mediating I-LTD in a subset of (93.1% Ϯ 9.5% inhibition, n ϭ 12 cells; Figure 1B ), the average failure rate after I-LTD induction was increased synapses confined to a small area could diffuse along the dendrite and reach more distant synapses. Because (169.7% change in the mean failure rate, p Ͻ 0.001; or 322.3% Ϯ 107.7%, mean change in failure rate, p Ͻ activation of only a few excitatory fibers may induce little endocannabinoid release, we first verified that 0.00001; Figure 1C , left) and the synaptic efficacymean IPSC amplitude including failures-was deweak, local stimulation can still induce I-LTD. Focal stimulation (see Experimental Procedures) was achieved by creased (to 34.3% Ϯ 5.8% of baseline, p ϭ 0.0006; Figure 1C , center), whereas no significant change in low stimulus strength delivered through a patch-type pipette located within 20 m of the apical dendrite of synaptic potency-mean IPSC amplitude excluding failures-was observed (92.7% Ϯ 8.0% of baseline, p ϭ the CA1 pyramidal cell. A likely consequence of reducing stimulus strength is that some sets of recruited GABAer-0.24; Figure 1C , right). The enhancement of IPSC failure rate with no change in synaptic potency after induction gic fibers may not express I-LTD, as they do not contain CB1Rs. For this reason, in all experiments in which inhibof I-LTD is consistent with a presynaptic mechanism of depression (Katz, 1969; Korn and Faber, 1991) , thereby itory postsynaptic currents (IPSCs) were evoked by focal stimulation, we first verified the presence of functional supporting the notion that I-LTD is due to a persistent reduction of GABA release (Chevaleyre and Castillo, CB1Rs by testing for DSI (depolarization-induced suppression of inhibition), a transient depression of inhibi-2003). As expected for a CB1R-mediated phenomenon, and consistent with our previous report (Chevaleyre and tion (Llano et al., 1991; Pitler and Alger, 1992) Figure 1B ). These results are remarkable for the large magnitude of the long-term depression of under these experimental conditions (i.e., using focal stimulation and placing the stimulating pipette randomly CB1R-sensitive GABAergic inputs that is produced by synaptically driven release of endocannabinoids, even in stratum radiatum). As illustrated in a representative experiment in Figure 1A , a 5 s depolarization to 0 mV after weak, local stimulation. To test the spread of I-LTD to more distant synapses, transiently suppressed inhibitory synaptic transmission; after IPSC recovery, theta-burst stimulation (TBS) inweak stimulation was delivered via two pipettes posi-tioned along the apical dendrite of the recorded cell ure 3C, 71.8% Ϯ 1.1% of baseline, p Ͻ 0.001, n ϭ 4). No changes in membrane potential were observed (Figure 2 ). IPSCs were evoked with one stimulating pipette while the other pipette was used to deliver TBS before and after I-LTD induction (Ϫ55.6 Ϯ 2.2 mV and Ϫ55.9 Ϯ 2.0 mV, respectively, n ϭ 4, data not at different distances along the dendrite (Figure 2A ). We found that if the tetanizing pipette (S2) was 10 m away shown). In addition, focal stimulation-as performed in Figures 1A and 1B-with a 10 Hz protocol also induced from the pipette (S1) that was used to evoke IPSCs ( Figures 2B and 2D) , the magnitude of I-LTD (to 42.2% Ϯ robust I-LTD (35.7% Ϯ 8.0% of baseline, p ϭ 0.0005, n ϭ 5, data not shown). Finally, we confirmed that the 7.7% of baseline, mean amplitude including failures, n ϭ 6) was indistinguishable from control (i.e., using the 10 Hz stimulation protocol does not induce long-term synaptic plasticity at excitatory synapses ( Figure 3D ), same pipette for evoking test IPSCs and delivering TBS, p ϭ 0.46; open circle shown in Figure 2D ). In contrast, whether under control conditions (97.1% Ϯ 3.8% of baseline, n ϭ 10, p ϭ 0.38) or even when LTP induction TBS induced no I-LTD when delivered Ն20 m away ( Figures 2C and 2D) . In all these cases, we verified that was facilitated by pharmacological blockade of GABA A receptors (Wigstrom and Gustafsson, 1983 ) with 100 M I-LTD could still be induced by delivering TBS through the same pipette (S1) used to evoke IPSCs (to 40.2% Ϯ picrotoxin (96.3% Ϯ 3.2% of baseline, n ϭ 10, p Ͼ 0.2).
In conclusion, we identified a stimulation protocol that 6.4% of baseline, n ϭ 10). Thus, using focal stimulation, I-LTD was only induced in those inhibitory inputs close selectively triggers I-LTD without inducing long-term plasticity at excitatory synapses. to the stimulation site ‫01ف(‬ m). Our findings indicate that I-LTD is a highly localized process within the dendritic tree that persistently and efficiently decreases Facilitation of LTP Induction by a Priming GABA release from CB1R-containing synapses. Figure 3A) .
Stimulation that Triggers I-LTD
If the 10 Hz-induced facilitation of LTP is due to disinhibition that occurs as a result of I-LTD induction, a Interestingly, I-LTD could be triggered not only by stimulation frequencies that triggered LTP at Sch-CA1 synminimum requirement is that our stimulation in s. radiatum should have activated CB1R-sensitive inhibitory inapses, but also by lower frequencies that did not induce LTP. At 10 Hz, repetitive stimulation induced a robust puts. In our previous experiments (Figures 1 and 2) , we reported that the probability of recruiting these inputs long-term depression of IPSCs ( Figure 3A ; 67.0% Ϯ 3.8% of baseline, p ϭ 0.0004, n ϭ 5) equal in magnitude using focal stimulation is around 20%. However, different experimental conditions between these two sets of to the depression induced by HFS or TBS ( Figure 3A priming (data not shown). We found that the priming LTP is indeed a more localized process than I-LTD, there would be an area surrounding the stimulation site where effect of 10 Hz stimulation is established as early as 5-10 min postpriming (129% Ϯ 4.5% after priming, n ϭ excitatory inputs do not express LTP but are still primed for subsequent LTP due to the induction of I-LTD. To 7, compared to 113.4% Ϯ 2.6% in control, n ϭ 5, p ϭ 0.023) and lasts for at least 60-90 min (127.2% Ϯ 1.8% test this hypothesis, two stimulating electrodes were placed 10 m apart along the apical dendrite. TBS was after priming, n ϭ 8, compared to 113.2% Ϯ 1.7% in control, n ϭ 8, p ϭ 0.0006), a time course similar to that delivered to one pathway, and 30-40 min later, TBS was delivered to the other pathway ( Figure 8A ). As shown in of I-LTD. To test whether this facilitation is similar to I-LTD spatial profile also, we used a two-indepen- Figure 8B , the magnitude of LTP induced by the second TBS was larger (TBS2: 126.8% Ϯ 2.6%; TBS1: 111. 3% Ϯ dent pathway approach and explored whether priming one pathway would affect the induction of LTP in the 3.7%, n ϭ 5, p ϭ 0.009), as if the first TBS in one pathway had facilitated LTP induction in the other pathway. To other pathway. Thus, two independent sets of inputs were activated, using two stimulating pipettes placed verify that this facilitation was due to I-LTD that was triggered by the first TBS, we repeated these experiin s. radiatum ( Figure 7A ). The distance between these two pipettes was either 10 or 40 m while extracellular ments under conditions known to block I-LTD ( Figure  8C ). We found that when the first TBS was delivered in synaptic responses were monitored with a third recording pipette, which was placed between the other presence of the CB1R antagonist AM251, it had no effect on the magnitude of the LTP induced subsequently in two. We found that priming one pathway facilitated the induction of LTP (20-40 min later) in the other pathway the second pathway (TBS1: 114.6% Ϯ 2.5%; TBS2: 110.2% Ϯ 3.9%; n ϭ 5, p ϭ 0.36). This result strongly only when the stimulating pipettes were 10 m apart ( Figure 7B ; 127.2% Ϯ 3.8%, n ϭ 6; compared to facilitasuggests that the facilitation triggered by priming with TBS is mediated by endocannabinoids. In conclusion, tion obtained in control interleaved slices: 125.5% Ϯ 3.7%, n ϭ 10, p ϭ 0.77). However, if the stimulating our findings can be summarized as follows ( Figure 8D ): repetitive activation of excitatory inputs can trigger LTP pipettes were 40 m away, priming stimulation did not facilitate LTP in the other pathway ( Figure 7C ; 111.1% Ϯ in a restricted area (Ͻ10 m) of the dendrite, but at the same time, it induces I-LTD at inhibitory inputs in a more 2.1%, n ϭ 16, p ϭ 0.002 when compared to a control, primed pathway in the same slice). These results sugextended area (Ն10 m), thereby facilitating subsequent LTP induction at surrounding Sch-CA1 synapses. gest that similarly to I-LTD, the priming effect is highly localized and does not affect synaptic inputs distant All previous experiments were performed at 25ЊC and in relatively high extracellular Ca 2ϩ (2.5 mM). Because from the stimulation site. Furthermore, when the stimulating electrodes were 10 m apart, LTP induction was these parameters may affect the threshold for the induction of synaptic plasticity, as well as the diffusion and still input specific ( Figures 7A and 7D) synapses. Thus, the activity patterns that lead to LTP induction trigger not only a change in the strength of
